Abstract. Future food security has become a major global concern and is particularly important in the Greater Mekong Subregion where several countries have seen rapid urban economic development and increasing demand for red meat. In Cambodia, the majority of livestock producers are subsistence or semi-subsistence rural smallholder farmers using cattle as a source of protein, fertiliser, draught power, and asset storage. Potential income from smallholder cattle is limited by a range of factors that compromise productivity, including endemic diseases, poor nutrition, and lack of knowledge of husbandry techniques and marketing practices. To address the developing opportunities to improve rural incomes from cattle production in Cambodia, a 4-year longitudinal study was conducted to examine 'best practice' interventions that could improve productivity and profitability of cattle within smallholder farming systems. The study involved six villages from three provinces, with two villages in each of the provinces of Takeo, Kandal and Kampong Cham paired and designated as either high intervention (HI) or low intervention (LI). A best practice intervention program was introduced to the HI villages to develop the husbandry skills of farmers, including implementation of forage technology, disease prevention through vaccination for foot-and-mouth disease and haemorrhagic septicaemia, deworming, and education in nutrition, biosecurity, disease control, and marketing. Between April 2008 and February 2012, eight repeat-measures capturing data on animal health and production, including cattle weights used to evaluate the impact of interventions on average daily gains, were completed. Cattle in HI villages had significantly (P < 0.01) higher mean liveweight during the last three sampling periods, and average daily gains were 2.4 times higher than in cattle of the LI villages. This study provides evidence that best practice interventions resulted in improved cattle productivity, farmer knowledge and positive impacts on household income over time, offering a pathway that can address food security concerns and more rapidly alleviate rural poverty in the GMS.
Introduction
Future food security has become a major global concern and is particularly important in the Greater Mekong Subregion (GMS) where several countries have seen rapid urban economic development and increasing demand for red meat. Rural Cambodia is an agrarian society with~75% of the country's population living in rural areas. Although significant improvements have been made in the last two decades, rural poverty remains an important issue for Cambodia, with an estimated 30% of people living below the poverty line. While the majority of the population practice and rely on agricultural activities for their livelihoods, the industry accounts for only 29% of Gross Domestic Product (MAFF 2011) . Cropping is the largest component of the agricultural subsector, with fisheries second and livestock third, contributing 53.8%, 27.3%, and 12.8%, respectively, to the agricultural subsector in 2010 (MAFF 2011) . About 75% of Cambodia's land area is the Tonle Sap Basin and Mekong Lowlands, occupying~2.2 million ha (80%) of all rice growing areas. However, yields are generally low at~2.5 t/ha.year (Fukai and Ouk 2012) .
The Cambodian smallholder farmer typically practices subsistence or semi-subsistence farming, usually operating land areas 2 ha (Agrifood Consulting International 2005) . In 2011, the cattle population in Cambodia was reported to be~3.41 million. Smallholder farmers own the majority of cattle, with only a limited number of commercial herds in operation. Cattle can have multiple uses to the smallholder household, including a source of income through sale for beef, draught power, manure for bio-digester fuel and fertiliser, and, importantly, as a cash asset store that can be sold in times when money is needed.
Smallholder farmers primarily rear Bos indicus cattle. Typically selected for survivability, parasitic tolerance, and their ability to tolerate harsh climatic conditions, they are considered to have low production potential (Abeygunawardena and Dematawewa 2004 ). Yet the 'crossbreed' cattle in southern Cambodia, usually a Haryana or Brahman crossed with the local 'indigenous' breed, appears well suited to survival in challenging conditions, and has the desired body shape and strength for draught. The local breed cattle are usually yellow and have a small hump and a mature weight of 250-300 kg (Sath et al. 2008) . Crossbreed cattle are usually a larger, tall, narrow-framed, humped animal and white in colour. The fertility rates of Bos indicus cattle managed under traditional management systems in most parts of the tropical world are low and could be improved by breeding, feeding, and management (Abeygunawardena and Dematawewa 2004) .
In traditional husbandry systems, cattle are typically fed native grasses and rice straw, usually in a cut-and-carry system involving most household members including women and children. This is a labour-and time-intensive process, particularly when availability of feed is low due to dry climatic effects or in the wet season when the majority of land is under rice cultivation. The climate in Cambodia is tropical, with the monsoon rainy season from May to November, and the dry season from December to April, with little seasonal temperature variation. Average monthly rainfall ranges from 16.1 mm in December to 313.8 mm in August, and average monthly temperatures range from 28.8 C in March to 24.2 C in December (The World Bank Group 2012). The seasonal variation in rainfall has significant impacts on cattle husbandry. In the wet season during rice cultivation, cattle are usually tethered near the house, whereas in the dry season cattle are collected daily into communal groups and taken to postharvested rice fields and levy banks to forage for native grasses. With limited feed quantity and quality, cattle remain in poor body condition year-round and have low reproductive performance. Transboundary animal diseases (TADs) including foot-andmouth disease (FMD), haemorrhagic septicaemia (HS), and blackleg, as well as internal and external parasites including Fasciola gigantica, limit cattle production (Sothoeun Davun and Copeman 2006; Tum et al. 2007; Dorny et al. 2011; Nampanya et al. 2012; Young et al. 2013) . Poor farmer knowledge on animal nutrition and breeding management , plus limited veterinary services, are also likely to be limiting cattle productivity.
Increasing demand for red meat both domestically and for export into rapidly growing markets such as Vietnam and China presents an opportunity for Cambodian smallholder farmers to improve income from cattle production, and this has been identified as a potential pathway for reducing rural poverty (Windsor 2011) . For smallholders to participate in this opportunity, there is an urgent need for research and extension to identify knowledge-based interventions that best assist smallholders to simultaneously improve productivity, health, and marketing of cattle .
As there is limited information on baseline cattle production and sustainable methods that smallholder farmers can adopt to improve cattle productivity in Cambodia, a 5-year project, 'Best practice health and husbandry of cattle, Cambodia' (BPHH), was implemented, led by the University of Sydney, Australia, in collaboration with the Department of Animal Health and Production (DAHP), Cambodia (ACIAR 2012). The BPHH project was an applied, participatory research program that aimed to improve incomes of smallholder farmers by enhancing cattle productivity through the introduction of a series of mainly knowledge-based interventions. With an objective of assisting farmers to move from cattle keepers to producers, the project empowered participants to self-select strategies that mitigate productivity constraints, providing experiential learning and practical skills to address nutritional deficits and animal health issues, providing improved marketing opportunities. The research hypothesis was that introducing interventions in health, nutrition, biosecurity, reproduction, husbandry, and improved marketing of animals would lead to increasing production and value of cattle, enabling greater awareness and capability of risk management for infectious diseases such as FMD to be implemented into a more sustainable pathway for rural development (Windsor 2011; Nampanya et al. 2012) .
The objective of this paper was to describe a 4-year longitudinal study that periodically captured cattle production information, providing both baseline cattle production data and measures of any improvements in productivity attributable to the 'best practice' intervention and education program.
Materials and methods

Site selection and project design
Six project sites (villages) from three provinces were selected to participate in the project, with two villages in each province identified to provide three sets of geographically matched research sites. Village selection criteria included: cattle population of !250 head; year-round road access; willingness of village authorities, farmers, and local government agency personnel to participate in the project; and, finally, a distance of at !10 km between project villages in the same province. The target sample size of 250 cattle per village was based on the total village cattle population, the intent to gain a high number of cattle across different age groups (i.e. >100 adults, >50 weaners, and >50 calves), and the observation of high fallout rate from a previous project. One of each of the matched villages was designated high intervention (HI) and one as low intervention (LI). The six villages selected and their designated intervention type included Nor Mo (HI) and Dem Pdet (LI) from Takeo province, Preak Por (HI) and Koh Kor (LI) from Kandal province, and Senson Tbong (HI) and Veal (LI) from Kampong Cham province. Four staff members from the DAHP extension office were employed as project staff, and they received training in applied epidemiology including data collection and entry, analysis, and reporting.
The 4-year longitudinal study commenced in March 2008 and repeat-measures were taken from enrolled farmers and cattle in the project villages eight times at mixed intervals of 2-11 months. The final data sampling occurred in February 2012 for total study duration of 47 months. Interventions based on knowledge and technology improvements were delivered in the HI villages and involved workshops, on-farm training, plus technology improvement support including forage plot development with seeds and seedlings, feed storage as silage development, anthelmintic treatments, and diagnostic testing for infectious disease and parasites. The knowledge-based interventions introduced to the HI villages by the project staff have been previously described by Nampanya et al. (2012) Project staff worked with HI smallholder farmers to develop forage plots, using five species of forages: Panicum maximum (cv. Simuang), Brachiaria spp. hybrid (cv. Mulato II), Brachiaria brizantha (cv. Marandu), Paspalum atratum (cv. Terenos), and the legume Stylosanthes guianensis (cv. Stylo 184). These species were targeted for cultivation development, as they are known to be generally well adapted to Cambodia's climate and have superior nutritional quality to native grasses for cattle. The location, number of farmers, and plot size of forage development were recorded.
Although only HI sites received the knowledge interventions, both HI and LI villages received regular vaccination for HS and FMD as a participatory incentive for the LI village farmers.
Data collection, management and analysis
Longitudinal data collection included capturing information on: * Breed * Age * Liveweight * Body condition score (BCS) * Use for draught * Number of cattle sold * Number and month of calves born * Use of selected bulls for breeding Cattle were uniquely identified using a numbered tag that hung on a rope around the neck. Cattle weights were measured using portable weighing scales and all additional information was collected by verbal survey of each farmer by four project staff members. The BCS was consistently assessed by the four project staff members and was recorded on a 1-4 scale: 1, very thin; 2, thin; 3, medium; 4, fat. As calving events were recorded as 'month gave birth', the day 15 of the month was used as a standardised measure to calculate mean age at first calving and inter-calving interval (ICI). The survey did not capture whether cattle were primi-or multiparous, so it was conservatively assumed in the analysis that cattle enrolled in the study <2 years of age were nulliparous at study commencement. Based on this assumption, the most recent recorded weights of primiparous cattle were analysed to provide an indication of weight at first calving. Calving rates could not be calculated with accuracy due to a high fall-out rate and the varying times of data collection during the study.
Active disease surveillance was conducted through blood and faecal examinations to assess infectious and parasitic disease status. Information from farmers was entered manually onto an Animal Record Card, and data collected for analysis were recorded onto a data collection sheet and later entered into Microsoft Excel (2007) by one project staff member. Baseline production data were established using weight data from the initially enrolled cattle, and significance between cattle age groups, breed, draught use, BCS, and villages was assessed using two paired t-tests and one-way ANOVA. Intervention impacts were assessed by analysis of repeat data on liveweight of cattle using a restricted maximum likelihood (REML) generalised linear mixed regression model (GLMM) using GENSTAT 13th Edition (VSN International, Hemel Hempstead, UK). The fixed terms included sampling period, intervention group, age, breed, draught use, sex, and the interaction terms intervention-sampling period and intervention-draught use. The random terms included the province, village, and cattle ID. Pairwise comparisons of mean predicted weight at each data collection were assessed for significance using least significant difference (l.s.d.) calculated as 2 · standard error of differences (s.e.d.). Cattle that remained in the project from the first to the last data collection were used to assess average daily gain (ADG) differences between the intervention groups, again using a REML GLMM, with fixed terms the intervention group and age, and random terms province and village. Both models were built in a stepwise process using univariable analysis, testing for collinearity and a multivariable forward selection model.
Results
At the study commencement, the six villages had a known cattle population of 2209, of which 1516 (68.2%) were enrolled with five villages exceeding the initial target of 250 animals, and Dem Pdet enrolling 247. During the second and third data collections, 607 additional cattle were enrolled to account for fall out due to sale or death. During the course of the project, 7433 cattle weights were recorded from the 2123 cattle enrolled.
Baseline production data Cattle ownership, cattle breed, sex, age, and draught use
Of the initially enrolled cattle, 28.7% (188) of farmers owned one, 39.0% (255) of farmers owned two, 17.3% (113) three, 8.4% (55) four, and 6.6% (43) farmers owned !five cattle. Two cattle breeds were represented in the study, with local breed accounting for 16.5% and crossbreed 83.5%. All of the cattle designated local breed came from one village, Nor Mo, in Takeo province. Of the 1516 animals initially enrolled in the study, 55.2% (837) were female and 44.8% (678) were male. Of the males, 58.0% (393) were castrated. The mean age of all cattle initially enrolled was 3.5 years, with a range of 0.1-13.0 years. The mean age for crossbreed and local breed cattle was 3.6 and 3.3 years, respectively (not significantly different, P = 0.056). Of the initially enrolled cattle, 26.5% were designated as used for draught, of which 392 (97.5%) were castrated males (bullocks), six females, and four were bulls. The mean age of cattle used for draught was 4.9 years, which was significantly different from non-draught cattle at 3.0 years of age (P < 0.001). Cattle in the HI and LI groups had a mean age of 3.1 and 4.0, respectively (significantly different, P < 0.001).
Cattle weight and body condition score
The mean weights of initially enrolled cattle at the first sampling are presented in Table 1 . The mean BCS of cattle at the start of the project was 1.51 (n = 1416), indicating that cattle were in a very thin to thin body condition.
Cattle reproduction
Of the total 2123 cattle enrolled during the project, 1204 were female. The average age of these animals was 3.6 years at enrolment. A total of 64% of farmers reported selecting bulls when mating cows. The mean age at first calving was 48 months for the 63 females that had a calving date and were 2 years of age at enrolment. Of the 63 primiparous dams, 27 were weighed in the preceding data sampling, and had a mean weight of 233.2 kg. During the 4-year study period, 395 cows had at least one calving, and 726 did not have a recorded calving during their project enrolment. Of the 395 cows that did give birth, 82 had two calvings, and one cow recording three calvings. The mean ICI of 82 cows that had two calves during the project was 605 days (s.d. AE 179.8, n = 74) or 20.2 months.
Forage plot development for cattle feeding
During the course of the project (2008-11), over 1171 households (both within and outside of project villages) developed forage plots for a total area of 416 508 m 2 , or an average household forage plot size of 356 m 2 . The number of farmers, total cultivated area, and average area cultivated by smallholders both within and beyond project sites are presented in Table 2 .
Cattle sold during the project
During the study, 1430 cattle had a movement designated as being sold. This equated to~67% of enrolled cattle. Between each sampling period, 14.6%, 14.1%, 15.8%, 17.4%, 27.5%, 9.9%, and 23.5% of project (enrolled) cattle were sold. On average, this was 17.5% of the project population at each sampling interval. As the time interval between samplings varied, this figure was standardised to an annual sale rate of project cattle, which equated to 17% per year. The reason(s) for sale was not recorded.
Impacts of interventions Quantitative analysis of impact on cattle weight
Univariable analysis showed that the intervention effect of all cattle weight measurements (n = 7433) was not significant at P = 0.05. Because intervention was the variable of interest, it was forced into the multivariable model, where it was non-significant (F = 0.8, d.f. = 1,2; P = 0.471). Sampling period, age, breed, draught, sex, and the interaction terms intervention-draught use and intervention-sampling period were significant at the P = 0.05 level. The mean predicted cattle liveweights at each sampling period are presented in Table 3 .
When the individual sampling collection periods were assessed using l.s.d. (P = 0.05), the final three collection periods showed that the difference between the intervention groups with respect to predicted liveweight was statistically significant (P < 0.05), and from sampling period 4, the HI group commenced to deviate above the LI group, and gained further divergence with each successive collection (Fig. 1) . This is explained by the significant effect modification (or interaction) of the intervention and sampling period variables.
Average daily weight gains
The REML analysis and predictions of the 243 cattle that had weights recorded at the first and final sampling periods showed that cattle in the HI group gained 116 g/day (s.e. 0.39) compared with the LI group with 49 g/day (s.e. 0.40) during the 4-year study (F = 113.72, d.f. = 1,2; P = 0.009).
Impact on body condition score
At the start of the project, mean BCS was significantly lower (P < 0.001) in the HI group (1.42 AE 0.65 (s.d.), n = 759) than in the LI group (1.61 AE 0.70, n = 756). At the final sampling, mean BCS was significantly higher (P < 0.001) in the HI group (2.92 AE 0.53, n = 142), than in the LI group (2.05 AE 0.58, n = 118). Figure 2 demonstrates the change in cattle BCS during the project.
Reproduction impacts
Of the 395 cows that gave birth during the project, 231 (58%) were in HI villages and the remaining 164 (42%) in LI villages. Of the 82 cows that had two calvings during the study, 61 (74%) were from the HI villages, and 21 (26%) from the LI group. The lone animal that had three calvings during the project was in the HI group. The mean inter-calving interval of cows that had two calves during the project was 630 AE 176.0 (s.d) days (n = 18) or 21.0 months in the LI group, and slightly shorter in the HI group with 597 AE 181.9 days (n = 56) or 19.9 months; however, the two groups were not significantly different (P = 0.502).
Discussion
Cattle fulfil a range of uses in rural Cambodia, although smallholders typically have only a small number, with 85% of smallholder farmers in this study owning three or fewer. Baseline data of smallholder cattle production in southern Cambodia confirm that production levels are low. Mature cattle (!3 years of age) had a mean bodyweight of 281.7 kg. Taneja (1999) reported that the mature weight of tropical Bos indicus breeds ranged from 280 to 650 kg (Taneja 1999), indicating that cattle in our study are at the lower end of the Cattle best practice health and husbandry impacts, Cambodia Animal Production Scienceweight range. Standard deviations of groupings of cattle by weights were high, highlighting the heterogeneity of cattle production often encountered in smallholder systems. Cattle age was significant in both regression models (weight and ADG), which was not surprising given that both young and adult cattle were included in the study. At the start of the study, the mean BCS of all cattle was 1.5 out of 4, confirming that the majority of smallholder cattle are maintained in a poor body condition. The project was implemented at the village level, as this was considered cost-and time-effective in terms of aiming to improve household incomes on a broader scale. This systems approach, rather than working with individual farmers only, engaged multiple levels of the community stakeholders and aimed to increase knowledge to improve the sustainability of interventions in and beyond project sites. The previously published farmer knowledge study investigating changes in knowledge of BPHH project farmers between 2008 and 2010 identified that significant improvements can be made in just 2 years in knowledge and attitudes to cattle production, marketing, and importantly animal health, including risks of TADs and biosecurity . Using a regression analysis, the predicted mean of total knowledge scores (out of 38 marks) in LI villages was 9.48 and 11.85 in the 2008 and 2010 surveys, respectively (P = 0.001), and in HI villages was 8.97 and 28.37 in 2008 and 2010, respectively (P < 0.001) . Although a significant improvement in the knowledge scores in the LI villages was observed, the scores were still low, indicating that there is a considerable extension effort required for farmers in the LI villages to achieve knowledge improvements similar to those in the HI villages . The findings suggest that although the participatory 'applied field research' used in this project will improve farmer knowledge, for more significant gains, 'on the job' and formal training programs will result in outcomes that are more successful ). The present study provides quantitative evidence that HI farmers successfully translated the improved knowledge into improved weight gains in cattle. Although cattle that were initially enrolled in the HI group had a lower mean weight than LI group cattle, in the latter stages of the project, and by project completion, the mean cattle weights were superior in the HI group and mean BSC had improved by 1.50 in the HI group v. 0.44 in the LI group, providing evidence that project interventions improved the mean BCS from between 'thin' and 'very thin' to just under 'medium' on the 1-4 scale. In order to minimise observer bias in assessment of BCS, the project staff received BCS training before the study and worked as a team during data collections, with regular visits by project leaders ensuring consistency of the assessments. The ADG of cattle weighed at both the start and end of the project was 2.4 times higher in the HI group. The improvements seen in cattle as average weights and ADG provide evidence that implementing 'best practice' interventions at the village level can lead to measurable improvements, although in this study, mean weight improvements in the HI group did not exceed the LI group until the fourth data collection. This is likely attributable to the HI group commencing with a lower average weight and BCS, and to the implementation of education and technology interventions requiring time to translate to measurable increments in cattle weights and growth. The trend of mean cattle weights shows the increasing weights in the HI group; this was expected, as some farmers rapidly adopted new practices such as forage feeding, whereas other farmers were less enthusiastic, preferring to observe before committing their energy and resources to new practices. The improving cattle weight occurring as the project progressed indicates that the effect of the interventions was accumulative as the transfer of skills and technology gathered momentum.
The development of forage technology was identified as a key intervention, with many HI farmers enthusiastic and willing to adopt forage plots for feeding their cattle. Once established, forage growing and subsequent feeding to cattle saved farmers and household members a most important asset -time. This has a flow-on socioeconomic effect, with both men and women able to participate in other activities and employment and children having more time for school, as recently reported by Maxwell et al. (2012) . Forage technology is now recognised as an 'entry point' for interventions promulgated in this project. It engaged farmers and empowered their change in attitude to new and improved systems. Forage plantations were mostly located adjacent to the house, providing household members with ready access to cut-and-carry fresh forages to nearby tethered cattle. Some farmers with access to a dam or other water source during the dry season irrigated forage plots to extend the forage-growing season. This assisted cattle to maintain rather than lose body condition when feed availability and quality was scarce and low. The rapid uptake and adoption of forage technology for cattle feeding both in and beyond project sites represents farmers' willingness to adopt this technology. The 749 farmers within project villages who developed forage plots had, on average, a plot of 428 m 2 , compared with the 422 farmers outside of project sites who had an average plot size of 227 m 2 . The smaller average plot size outside of the project may indicate that education is required to assist farmers in developing knowledge of the quantities of forage required for feeding their cattle. The level of forage uptake and adoption is influenced by several factors including land availability, climate, soil type, and socioeconomic factors such as secondary employment and household income. Further research may assist quantification of these factors. Cross-visits to champion farmers have been promoted as a superior extension tool for teaching farmers about these interventions (Millar and Phoutakhoun 2008) , and we found this approach very useful in assisting the adoption of forages . As mentioned, the savings of time in not having to search for cattle feed due to forage feeding appears to be a significant driver for the uptake and spread of forage seeds and seedlings well beyond our project villages into neighbouring communes and districts, and even into a fourth province (Kampot).
In a review of available literature, the age at first calving of Bos indicus cattle was estimated to range from 24 to 62 months, with the ICI ranging from 330 to 650 days (Taneja 1999; Abeygunawardena and Dematawewa 2004) . This is consistent with our study, where the mean age at first calving of Cambodian cattle was 48 months and the mean weight at last sampling before the first calf was 233.2 kg, although the ICI was at the upper end, at 605 days; however, this was calculated from only 82 cattle due to the high fall-out rate. The true ICI within villages may be higher if farmers are selling cattle due to poor reproductive performance, but reasons for sale were not recorded in our study. Poor-quality nutrition is likely a significant contributor to poor cattle reproduction in Cambodia. The wide variation reported in production parameters and reproductive performance probably reflects the large differences in genotype, environment, and their interactions between Bos indicus animals, particularly with tropical locations resulting in the enormous range of factors such as climate, nutrition, and management (Mukasa-Mugerwa 1989; Taneja 1999) . Despite more than two-thirds of farmers in our study stating that they use bull selection for breeding, reproductive performance was low, with only 33% of enrolled female cattle having one or more calves during the 4-year study period; however, this should be considered in light of the high off-take rate. Nevertheless, reproduction warrants further investigation.
The high fall-out of cattle due to sale (67%) during the project led to a complex dataset despite an additional 607 cattle introduced during the second and third sampling periods. This affected the study in that fewer cattle were available for inclusion in the analysis from the final sampling periods, with only 243 cattle in the model analysing ADG. In addition, relatively few cattle could be examined for reproductive parameters including the ICI and age at first calving. In the analysis of both mean weights and ADG, the high fall-out was managed through use of the REML linear mixed model (Patterson and Thompson 1971) . This was used for the estimation process in the unbalanced design, which includes an adjustment for degrees of freedom used in estimating fixed effects from the linear mixed model.
The standardised annual estimation of cattle trading per year was 17%. Given that additional cattle were not introduced beyond the third data sampling, the true level of trading within villages is likely to be higher. The high level of trading with a low reproductive productivity supports the notion that farmers sell cattle for a variety of reasons, and this has important implications for TAD control and prevention strategies.
The project initiated annual vaccination of all project animals against FMD and HS, and no case of either disease was recorded during the study period in the HI villages despite the common occurrence of both diseases in many villages in the three provinces during the project period . In an attempt to attain high levels of herd immunity, efforts were made to ensure that at least 70% of the cattle population was vaccinated for both diseases in all six villages. However, because of the high rate of movement of animals out of villages, this target could not always be achieved and was likely a risk factor for the occurrence of FMD in Veal, the LI village in Kampong Cham province . From July to November 2010, FMD affected~20% of the cattle population in Veal (anecdotally mostly unvaccinated introduced cattle), compared with almost 100% of cattle affected in neighbouring villages, with the exception of the HI village of Senson Tbong, which remained uninfected . Outbreaks of HS were not recorded in any of the project villages during the project. As previously reported, it remains undetermined whether the absence of TADs in the HI villages was because of herd immunity from vaccination, or due to a decrease in risk behaviours by farmers resulting from increasing knowledge of biosecurity, or, as considered most likely, a combination of both .
Tackling multifactorial problems such as reducing poverty and controlling and eradicating TADs requires a multidisciplinary systems approach of research and extension staff and a participatory approach to ensure smallholder engagement. The aim should be to ensure that the introduced interventions are sustainable beyond the life of research or development aid projects. A systems approach is justified due to the interdependent and heterogenic nature of the smallholder mixed-farming enterprise. Although cattle may provide outputs in sale for beef, they also provide inputs as a source of fertiliser and draught power for rice cultivation and transport. A project with the aim of improving household incomes focusing solely on one component of the husbandry system or supply chain is at risk of failing if considerations of other elements are ignored. For example, a project focusing on improving nutrition without disease prevention, or vice versa, is at risk of having limited success if affected by the other, as this compromises the efforts of the smallholder farmers such that they lose engagement, potentially wasting donor and/or government funding and resources. Cattle are important in rural Cambodia and much of the GMS. Improving their productivity is likely to continue to increase as a priority for regional governments intent on providing an improved source of dietary protein and capturing the expanding trade opportunities. Animal welfare and climate change are currently significant socio-political drivers within the international community. Engaging farmers with the aim of improving the efficient and safe production of quality livestock is an important step in addressing these challenges.
With small holdings of cattle, low growth rates (in the order of 50 g/day), and poor reproductive performance, it is currently difficult for Cambodian smallholder farmers to supply sufficient sustainable quantities of quality cattle for beef, using traditional husbandry. In response to the increasing demand for beef that has increased cattle prices, smallholders are increasingly identifying cattle as a more important investment. This motivates efforts to improve production and interest in protecting the asset from threats such as disease. Increased weight gain has the potential to improve fertility, immunity, and general health and welfare status of cattle. Furthermore, better conditioned animals are more resilient to withstand adverse climatic events and the associated feeding shocks such as hypothermia that occurred in Laos in early 2011 (Khounsy et al. 2012) , and in Cambodia during widespread flooding that occurred in late 2011.
This project has identified pathways for rapidly improving the low baseline productivity of cattle in Cambodia, and there is significant potential for 'scale out' of this systems approach. Doubling growth rates and increasing BCS has the potential to improve the marketability of cattle and result in higher incomes for smallholder households. Although smallholder cattle farmers face a range of challenges to improve the productivity of their livestock, the 'Best practice health and husbandry of cattle, Cambodia' project provides evidence that delivery of knowledge-based extension interventions at the village level results in significant productivity gains and, in doing so, can contribute to reducing rural poverty and improving food security in Cambodia.
